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Abstract 


This tlntl rsport undsr NAS8-32481 ccntains three principal items. The first 
describes a simple and novel ref lectonwter which can separately evaluate the spectral 
and diffuse reflectivities of surfaces. A phase locked detection system for the 
reflectometer is also described. The second item is a selective coating on aluminum 
potentially useful for flat-plate solar collector applications. The coating is com- 
posed of strongly bound copper oxide (divalent) and is formed by an etching process 
performed on an aluminum alloy with high copper content. Because of this one step 
fabrication process, fabrication costs are expected to be small. Process parameters, 
howe'^er, need further definition. The third item contains conclusions gleaned ’from 
the literature as to the required optical properties of flat plate solar collecpors. 
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1. Introduction 


This Is ths flnsl report under contract NAS8-32481; The project was directed 
toward development and understanding of selective surfaces suitable for use In 
flat plate collectors. The accomplishments of the p’’oJect are Included under the 
following categories: 

1. Development of facilities for parameterization of selective surfaces. In 
paitlcular a ref lactometer has been developed which separately measures 
the specular and diffuse components of surface reflectivity over the de- 
sired spectral range. We believe the ref lactometer and method of data 
analysis to be novel and of possible general utility for reasonably accu- 
rate total reflectance measurements with simple equipment. The Implementa- 
tion of a simple phase locked amplifier for detection of small light signals 
Is also discussed. 

2. Development of an Inexpensive selective coating on aluminum for solar 
collector use. The surface described here Is simply fabricated from the 
appropriate aluminum alloys and has "good" selective properties. Coating 
stability Is however somewhat spurious although It Is believed that further 
work will solve such problems. 

3. Literature Investigations to determine properties and preparation methods 
of selective surfaces and their application to flat plate solar collectors. 
We were particularly Interested In theoretical explanations of selectivity 
with the view toward optimization of surface parameters through an under- 
standing of selectivity mechanisms. Results of the survey are briefly 
summarized In this report. 

4. Conclusions an to the parameterization of selective surfaces under given 
applications. In particular the degree of selectivity required for appli- 
cation conditions Is discussed. 
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i. Och«r lln«« of lnviiaclg«tlon pumuod by this contract which w«r« not 
carrlad to any conclualon. 

Moat of th« work of thla contract waa acconpllahad during tha firat two quartrra 
of tha contract parlod. Tha main achiavaaanta hava baan tha davalopmant and partial 
parauatarlxation of aalactiva aurfacaa on alumlnuai by our tachniqua and tha davalop- 
mant of a raf lactomatry tachniqua. Racommandat Iona for furthar work ara Includad 
In tha taxt. 
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Figure 1: Illustration and definition of the specular and diffuse 

components of light reflected from a surface. Note that a reflecto- 
meter adjusted to measure specular radiation fails to detect most of 
the diffuse component. 
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2. Ref l«ctoT»«try of Surfac«« With Both Dtffu«« and Sp«cular Charact«rl«tlc» 

2A. Reflectance Meaeurcfflente 

In general, evaluatione of eeleccive surfaces found In the literature 
have been accomplished through specular reflc:tance measurements. Such measure- 
ments are simple to perform and give a quick figure of merit for surfaces which 
are essentially specular. However, large errors can be made for surfaces which 
do not exhibit overwhelmingly specular behavior. For example, surfaces have been 
reported with regular faceting on a microscopic scale which exhibit Intense re- 
flection lobes in their angular distributions at angles depending on the Inclina- 
tion and size of facets and direction of incident light. Less exotic surfaces 
may reflect In part specularly and partially scatter light In a diffuse manner 
(e.g. a dusty mirror). In general the diffuse reflection from such a surface 
will have a Lambertian distribution as in Fig. 1, i.e. proportional to the cosine 
of the angle from the surface normal for light incident near the normal direction. 
The specular reflection Is, of course, located in a narrow angular interval. 

From Fig. 1 it can be seen that if a substantial portion of the reflected 
light lies in the diffuse distribution large errors will be made in the measured 
reflectance, defined as the ratio of radiation power detected to that incident. 

This is so since only a small portion of the diffuse light is intercepted by the 
detector. 

2B. Specular and Diffuse Reflectances 

In ordei to parameterize selective surfaces it is necessary to measure the 
"spectral hemispherical reflectance" for small angles of incidence •p from the sur- 
face normal. This quantity is defined as 

/ dr. 

TuTlo 


o(P,\) 


( 1 ) 



s 


wh«rt X ch« wavelength, 6 and t the polar and aziauthal anglea about the surface 
normal, the reflected light Intensity per unit solid angle and the total inci- 
dent light intensity in a narrow beam of negligible angular dispersion. The inte- 
gral is over the solid angle dH characterized by 9 and t and includes the entire 
hemisphere of reflected light- 'ere i is referenced from the azimuth of the incident 
beam. 

To a good approximation can be divided up into a diffuse and a spectral 
part i.e., 

S, - S. S . (2) 

r s a 

where takes on appreciable values only for i • it and 9 ■ Note that ^ is a 
relatively unimportant parameter since only "unusual" surfaces sustain substantial 
variations in reflectance with angle of Incldeuce less than 60*. In any case solar 
applications require a small value of Dropping the dependence on (p and substi- 
tuting (2) into (1) 

I /s.(9,i) dn 

(3) 

O ) 

where the integration over the spectral distribution has been performed to give 
the specular intensity, I^, In a narrow solid angle and where the wavelength para- 
meter, X, has been omitted as implicit. An explicit form for the diffuse angular 
distribution of reflected light, S^(6,i) is assumed. The form is arbitrary but 
must nearly coincide with a reference distribution (for later experimental calibra- 
tion) which for nearly all possible cases of interest will be the Lambertian dis- 
tribution, i.e. o COS0. This wJll give an explicit value to the second term of 

Eqn. 3; call it I, /I . Defining the two terms as p and p , the spectral and diffuse 
u o So 
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Figure 2: A reflectance plot for a dlffuae copper oxide aurfacc. Data 

below 2 aicrona are total htaiapherlcal while thoac above 
are specular 
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h«ml spherical 'cf l«cclvltl«s rcapccclvcly, Eqn. 3 baconc* 

I I . 

P - -p ♦ — - P, ♦ Pj (4) 

o o 

Froa ch« Above It can be clearly aeen chat epecular ref leccoaecera are 
in error by the ouignicude of the laat tenn In Eqn. 4. We have experienced diffi- 
culty In Interpreting our meaauremenca and choae of othcra becauae of the exlatence 
of a dlffuae reflected coaponent aa ahown In Fig. 2. A clear exaaple of chla occura 
In coaparlng the reflectance of an HgO coated aurface with a gold aurfacc. The 
aeaaured gold reflectivity aay be aeveral tinea that of an MgO coated aample even 
Chough Che total healapherlcal ref lectlvltlea are very nearly Che same (>0.98 In the 
near Infrared). 

Total reflectance meaaurementa can be accompllahed moat accurately through 
a dlffuae Integrating sphere whereby the collection efficiency for reflectec^ light 
la Independent of angle. This method, however, auffern from aenalclvlty problems 
and la difficult to extend Into the infrared. A supposedly "good" Integrating sphere 
device we had access to failed the gold-MgO teat. Unless elaborate precautions are 
taken, the Integrating sphere and other Integrating approaches will usually under- 
emphaalze the diffusely reflected light. 

2C. Ref lectometer Ceometry 

We have developed a procedure whereby a simply constructed. Inexpensive 
reflectometer can be used to assess both spectral and diffuse reflectivities. The 
ref lectometer Is sho\m In Fig. 3 and consists of a suitable light source (Cingsten 
In the visible and a globar In the Infrared), a chopper with a phototransistor sync 
signal generator for later synchronous detection of the light signal and a disper- 
sive Instrument, In our case a salt prism spectrometer covering the range from 0.6 
to 20 microns. The chopped dispersed beam enters a gold coated hemispherical re- 
flector and Is reflected by a sample or reference sut “ mounted on an indexed 



SCHEMATIC OF REFLECTOMETE R OPTICS 

Figure 4 
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roc«C«bl« holti«r which Accurately poeltlone one of four dlec eheped eamplee at a 
point off the centor of the healsphere and near a diaoMtral plane. The reflected 
llftht Is focueeod onto a trlglyclne sulphate detector located at an optically con- 
jugate point. Since the healepherical alrror ie a low order focusing device not 
all of the reflected light strikes the 1 asi^ detector. Detector, airror and sample 
positions are Independently adjustable. Hence, although alignaent procedure is 
clearly defined it is tedious and lengthy. 

Ref lectometer geoaetry is shown aore adequately for discuiision in Fig. 4. 
In addition to the elements shown in Fig. 3 a pair of light absorbent "fi.ans" are 
iusertable into the path of the diffusely reflected light without interfering with 
the specular beam. Flap positioning is non-critlcal and need only remain constant 
during a single set of measurements at o ic wavelength as long as no portion of 
the specularly reflected beam is intercepted. The sample holder contains Two 
samples under investigation as well as a carefully prepared MgC> surface and a 
glass disc onto which a layer of gold has been evaporated. Tlte ref lectometer is 
adjusted so that: (1) readings for both the gold and MgO samples are independent 
of which holder the sample is mounted and (2) mirror and detector positioning are 
such that readings do nut depend on small deviations of the sample holder shaft 
angle about index points. 

2D. Data Reduction: Theory 

As shown above it is (H>ssible to divide the light reflected by a surface 
into specular and diffuse components. For perfect collection efficiency of ooth 
components the light collected R is 


R 



I 

o 




( 5 ) 


For a non-ideal system the measured value of R will be modified by the instrumental 
collection efficiency. In general this collection efficiency will differ for the 
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two coapononta with « souillor valu* for Cha dlffuaa light and will dapand on raflae* 
tanca angla and datactor and collactor gaomatriaa. If f la tha afficiancy of t o? ^ac- 
tlon for a puraly apacular aanpla and aaaumlng a raflcctlvlty of unity for a apacular 
gold aurfaca, tha gold Intanalty will ba 




( 6 ) 


For a high raflactivlty with a Lambartlan dlatrlbutlon of reflactad light, auch aa 
MgO, lat tha collaction afficiancy ba ic. Than tha MgO Intanalty will be 


‘SlgO " •'^o 


(7) 


For an arbitrary •* 'vple tha collected light Intanalty will be approximately given by 
where 


8 will of course onJy hold for surfaces with an angular reflectance dlatrlbu- 
tlon Ilka that of MgO or whatever reference sample la used. This assumption will 
be ' vrrect for effectively Incoherent surfaces but large errors are poaslble for 
unusual cases. 

From eqn. 8 it can ba seen that the cwo reflectivities arc 


1 

‘’s • r 
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9R 


t 

af 


I 3ic 
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(9) 


While many schemes come to mind for the measurement of these derivatives we have 
chosen to rearrange eqn. 8 by dividing *:hrough by eqn 6; 


'Au 


7 “d 


( 10 ) 


where y may be experimentally determined by the ratio of Tqn. 7 to Eqn. 6. A similar 
relation may be obtained by Inserting the flaps In Fig. 4 to block some of the diffuse 



11 


coapon<*nC (about y07. blockaga la a convanlant axperlmcntal figuie). Tha naw intan- 
alcy in chla caaa la 


Au 




( 11 ) 


with ic'/f datarmlnabla by Eqn. 3 with tha flapa In position, a.g.. 


*SlgO * *'’^o 


( 12 ) 


whlla, by conatructlon of tha flaps remains unchanged. 

A raflactlvlty datennlnati.>n can than ba made for a given wavelength by 
measurement of SigO' ^s ^s simultaneous solution of equations 

6, 7, 10, 11 and 12. This can be done by computer or rapidly by hand since a 
closed expression for the reflectivities can be found, specifically 


I 
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*Sigo ■ *SlgO 


f 



(13) 


The accuracy of the method depends primarily on the accuracy to which R^ 

I 

and R can be determined; i.e. It can be shown Chat Che lelatlve error In p and 
8 8 

Pd la 


Ap A(R^ - R^) 
s d s 8 



where A(R - R ) Is Che mcertalnCy In Che measurement of these two quantities. If 
8 

I 

Che collection efficiency Is not adequate It Is possible Chat A(R - R ) may be 

8 8 

limited by Instrumental sensitivity. We have encountered this problem In our Instru- 
mentation at Che wavelength extremes of light sources due to Che fact Chat our detector 
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ar«« In Moull (1 nn ) and hanca a amall valua of </f la obtained bacauaa of the 
width of tha dlffuaa Image at the detector. A "perfect" focusing system (e.g., an 
ellipsoidal collector mirror) or a larger detector should eliminate this problem. 

More rapid approaches to gathering data than the above procedure could 
involve chopping of the diffusely reflected light with direct readout of the two 
raf lectivitias through a small analog or digital computer. Other changes which 
would increase the general utility and speed of the device can be envisioned. 

A reflectance curve obtainod with this apparatus for a primarily diffuse 
surface is shown in Fig. 5. 

2E. Ref lactometer Electronics 

In line with our small equipment budget we have designed a simple ampli- 
fier for detection of the small light signals Involved in the ref lectometer imple- 
mentation. Figure 6a illustrates the mechanical layout of the light detection 
system. Light from the source is chopped at a frequency of 107 hertz by a three- 
bladed mechanical chopper di iven by a synchronous motor. The chopper also interrupts 
a beam from a D.C. driven light emitting diode producing a square wave reference 
signal as output of a phototransistor. This reference signal is mechanically 
adjusted to be in phase with the signal beam and after amplification (by a 741 
OpAmp-not shown) is fed to the reference signal input in Fig. 6b. 

The chopped light signal is dispersed by the monochromator, analyzed by 
the reflectometsr and detected by a triglyclne sulphate detector. A change of 
impedance to about lOK is effected by a FET preamp located within the detector cas- 
ing. The signal is then capacitively coupled to a two stage amplifier using 336 FET 
operational amplifiers. The amplifer has gain variable from 300 to 10,000. Hie 
emergent signal is buried in 60 hertz noise and a gray background. It then passes 
through a demodulation circuit driven by the reference signal. During the low phase 



CHOPPCR 



Figure 6a 


IMPLEMENTATION OF SYNCHRONOUS 
LIGHT DETECTOR (SCHEMATIC) 



♦ filter CQpoci'or across feedback resistors ««« CMOS switch powered byj;7.5 V 
to preven* -.iQh frequency oscillation 
S(« capocitor with smoli dompinq resistor controls 
low frequency noise 

SYNCHRONOUS AMPLIFIER CIRCUIT SCHEMATIC 
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of tho reference elgnel the CMi>S ewitch Is off snd the 12K resistor sets as the 
Input resistor for the second 741 operational amplifier in Fig. ob. With a 59K 
feedback resistor the net demodulator gain is **5. During the positive phase of 
the reference signal the CMOS switch conducts so that both amplifiers are operative. 
The feedback resistors are arranged so that the gain is now -*-5. If the detector 
signal is in phase with the reference signal there is a net D.C. voltage on the 
demodulator output proportional to the signal. For frequencies other than the 
chopping frequency the phase relative to the chopper phase will vary rapidly with 
time producing no net D.C. output. It is advantageous to increase the output 
amplifier time constant by means of an RC filter in parallel with the feedback 
resistor. This eliminates low frequency output fluctuations. 

The amplifier is capable of detecting signals of less than 0.1 microvolt 

from the nreamp output , corresponding to a light intensity detection threshold of 
-10 2 

about J X 10 watts/nm". The amplifier band pass is not directly measureable but 
an active filter with a IHz. bandpass placed on the detector input produces no change 
in the noise or signal intensity. Behavior with smaller bandpass filters was dif- 
ficult to assess since the chopper frequency drifted in and out of the fixed bandpass 
region. A very narrow bandpass filter could possibly Increase noise rejection. How- 
ever narrow bandwidths require either filter tracking or close chopper frequency 
control. Sixty hertz rejection was such that the unshielded apparatus could be 
used with Che fluorescent room lights on even though this resulted in a fivefold 
increase of no'st. to the demodulator input. 
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3. A S«l«ctlv€ Absorbing Copi<T Oxide Surface 
3A. Surface SalccClvlCy 

Addition of selective properties to absorbing and transmitting surfaces 
of solar collectors Improve collector efficiency by preventing reradlatlon of 
absorbed energy. The Ideal transition wavelength of an absorber from low to high 
reflectance depends on collector temperature but for most applications there Is 
little overlap between the solar spectrum and the reradlatlon distribution. A 
nominal figure for the transition wavelength lies between 2 to 4 microns. The 
degree of selectivity required or deslreable for maximum efficiency depends on 
the collector temperature and other application parameters. Some of the practical 
aspects of selectivity requirements are discussed In section 5 of this report and 
literature references to basic concepts of selectivity are there given dong with 
the references contained In section 4. We have used the reflectance p(X), at wave- 
length X, for the parameter characterizing selective properties. Other discussions 
use the emlttance e(X) or the absorptance a(X) as parameters characterzlng the sur- 
face. The relationship between these parameters Is simple. Assuming that there 
are no unusual channels for conversion of radiation to other wavelengths (e.g., 
fluorescence) energy conservation for an opaque material requires that 

p(X) - 1 - a(X) 

and that 

e(X) • a(X) 

Selective materials are usually evaluated as to quality by the size of the selec- 
tivity parameter a/c where a Is the average absorbtance at visible wavelengths and 
e Is the average infrared emlttance. A "good" value for the selectivity parameter 
Is around twenty with a greater than 0.95 and c less than 0.5. As we note In section 
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4 «xcr«me car« muat b« exerclacd In this figure of nwrlC. Trade-offe between a and 
c to achieve high selectivity may decrease collector efficiency as well as cost 
effectiveness. 

The theoretical basis of selectivity Is not well founded. In general the 
phenomenon Involves three factors which In most cases combine to form the surface 
properties: 

(1) The material electronic band structure as modified by size effects. 
Most selective materials have band structure such that an absorption 
edge In the bulk material occurs not "too far" from the selective 
transition wavelength. Ttie absorption edge and selective wavelength 
however are apparently not simply related for thin layers or powders. 

(2) Particle size effects. It Is well known that surface geometry affects 
reflectivity. In particular a surface with an abundance of small deep 
pits will absorb light at short wavelengths. However, as the ratio 

of mean square surface roughness to wavelength decreases far below 
unity, surface reflectivity Increases. This Is a presumed mechanism 
for the selective properties of gold black. Particle size effects may 
also be expected to affect material optical properties. 

(3) Interference effects. A thin dielectric layer on a reflective surface 
.is well known to cause interference effects. Multiple layer coatings 
have been used to fabricate selective surfaces. 

It la likely that all three of these effects combine to some extent to 
produce observed selectivity. 

Many types of coatings using both inorganic and organic materials have 
been developed which exhibit selective properties. The coatings with organic com- 
ponents (In general paints) have been expensive and often unstable with respect to 
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Infrared raflaccanca. Inorganic coatings show greater stability and can often be 
tailored to desirable reflectance curves, but are In general expensive to fabricate 
and may require exotic substrates. A noteable exception to this has been black 
chrome coatings which have achieved coonerclal viability and appear to be very 
durable. To date, however, we know of no process for fabricating black chrome 
coatings on aluminum. Copper Is used for the substrate and recently techniques 
have been developed for laminating thin sheets of coated copper to aluminum 
bases. A more desirable process would directly utilize on aluminum substrate, have an 
inorganic coating, and be Inexpensive to fabricate. 

Our approach to the development of a surface meeting these criteria 
utilizes material present In the substrate as a component of the selective coating. 
Specifically we have chosen aluminum alloys with high copper content. By chemical 
etching of the aluminum a matrix of coppe" oxide Is left on the surface. Alloys 
with high nickel content produce nickel oxide coatings which Is of Interest since 
nickel oxide coatings are known to be selective. However, nickel aluminum alloys 
are not suitable for solar collectors because of poor malleability and high cost. 

3B. Formation of Impurity Oxides on Etched Surfaces 

The formation of "smut" on alloy surfaces during cleaning and electrol- 
ysis operations has long been a bane to processing operations. The smut forms in 
general, due to residual alloy constituent oxides which are not soluble In the 
chemical bath. Experience with cleaning aluminum alloys by etching In strong bases 
led us to believe that coatings of selective materials might be formed during such 
processing. It is well known that thin films of nickel or copper on highly reflec- 
tive substrates can produce selective coatings. 

The mechanism for impurity oxide formation has not to our knowledge, been 
elucidated and in itself forms an interesting field for possible study. We have 
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found chat, for many of the cases Investigated by us, the oxide layer forms an inter- 
laced matrix of small granules spaced at approximately the metal grain size with 
relatively strong cohesion and substrate adhesion. In other cases the layer is 
microscopically coherent so that interference colors are visible. The granular case 
which occurs with annealed alloys may involve either Initial Impurity aggregation 
around metal grain boundaries, intergranular solution precipitation, or oxide crys- 
tallization about the disappearing grain as it dissolves in the etchant. The coherent 
case occurs with tempered alloys and results in a continuous coating indicating 
uniform impurity dispersion. These results may either reveal interesting facts 
about the spatial distribution of material in an alloy or describe surface etching 
on a microscopic scale. We did not investigate the mechanisms of oxide formation 
except as related to optimization of surface selectivity. However, unless explana- 
tions for the phenomena we observed lie in the scattered literature of surface 
chemistry, further work is appropriate and may have applications to surface treat- 
ment procedures and corrosion control. 

3C. Incoherent Coatings 

Alloys with low copper content such as 2024 (4.SZ) upon etching in sodium 
hydroxide or other suitable strong base produced weakly bound powder-like coatings 
with mildly selective properties. Increasing the copper content to 6.3X by using 
2219-0 samples produced a blacker surface with better cohesive and optical properties. 
A plot of reflectance versus wavelength for a heavily coated surface produced by 
etching of sand blasted 2219-0 aluminum in 2N NaOH for 10 minutes is given in Fig. 

5. The coating is mainly diffuse. 

The chemical composition of the coating was confirmed by x-ray fluorescence 
spectra to be the predominant heavy element (i.e., atomic number less than 20) and 
its oxidation state Infercd from color and relative solubility in nitric icid and 
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jimanlum hydroxide. Opclcel and ecanning electron nicroscopy indicate an inter- 
leaved matrix of gr.inulea and fibers deposited in some manner by the etching process. 
As previously stated the formation process is probably very interesting. Coating 
morphology studies of heat treated substrates indicated a correlation between sub- 
strate grain size and coating particle dimensions. If the particle size could be 
tailored to somewhat less than the desired cutoff wavelength, the theory of scatter- 
ing from powders indicates that the coating wo-ild be transparent to long wavelength 
light (with reflectivity characterized by the metallic substrate) but absorbent for 
short wavelengths. We were hence Induced to study heat treated m.iterlals with very 
smooth surfaces. 

3D. Coherent Coatings on Polished 2219- T87 Aluminum 

Because of commercial availability we Investigated the properties of T87 
tempered 2219 aluminum which h.id been polished by acid bright dipping. We dis- 
covered a qualitatively different type of coating which exhibited sufficient coher- 
ence to produce uniform interference coloration. After some aging or low temperature 
baking (S0*C) the coatings are comparable to selective paints we have encountered 
In hardness and durability. Our initial results indicated good high temperature 
stability with 450*C temperatures for several days, producing little effect upon 
Che coating. However, as discussed later, we have found spurious Instabilities 
after high temperature processing. 

Elllpsometrlc measurements at 0.63 microns show that for Chin coatings the 
growth rate in IN NaOH is 1100 A/minute for 2219-T87 aluminum at 20*C. Under these 
conditions the freshly prepared coatings have a real index of refraction, n, of 
1.05. Tlie imaginary part of the index of refraction, k, often called the attenua- 
tion coefficient, was 0.1. Upon baking at 4S0*C for 24 hours the measurements 
indicated a rise in n to 1.25, a decrease in k to 0.046 and a 202 decrease in coat- 
ing thickness, presumably representing a compacting of the coating. The coatings 
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produced in IN NaOH ahowed racher pale Intarfaranca colora which changed alighcly 
during Che firec hour of baking. Puther baking for up co Chree daye cauaed no per- 
cepe ib la change in coating pro rcioe. 

TreaciMnC of 2219-T • eaaplee in 2N NaOH aoluciona gave deeper incer- 
ference colors. We are hence led Co believe chat Che abeorpcivicy (i.e..k) ie 
affecced by aolucion normality. Baking at 4S0*C produced a shift in color during 
Che firac few houra with no further change over several days. In general the 
samples were bright-dipped to a fair degree of spaculariny . Rougher samples (e.g. 
sandblasted surfaces) produced grayer and presumably less coherent coatings. This 
is possibly due to uneven film formation so that film interference is averaged out 
over macroscopic surface areas with subsequent enhancement of absorption by small 
particle scattering. 

Coating colors in 2N NaOH evolved to ligh** straw at 1 minute, light blue 
at 2 minutes, yellow-green at 3, violet at 4, deep green at 5, deep violet at 6, 
dark green at 7, very dark purple at 8, with successive interference orders appear- 
ing at longer times. These times are approximate and will vary with solution pro- 
perties, surface pretreaCment and temperature of formation. Film darkness increased 
with etching time until after about 12 minutes the interference colors could no 
longer be observed. An 18-minute sample was extremely black; measurements at 0.8 
microns gave a reflectivity below our threshold (about IZ) for meaningful determina- 
tiot.s , 

Figure 7 shows a plot of reflectivity versus wavelength for a commercial 
black chrome sample and one of our CuO samples. We are able to obtain much the 
some optical properties as the black chrome in Che infrared. The visible portion 
of the spectrum was not explored in this Investigation but the greenish appearance 
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of ch« •a«pl« loads us to sxpscC s highsr sbsorbclvlty than black chroma In Cha 
vlslbls ragion. In Fig. 7 cha aluminum sampla was highly pollahad bafora atchlng. 

Flguras 8 through IS show soma of tha curvaa obtalnad for a aarlas of 
unbakad samplas for various traatmant tlmas. This data la hara praaantad without 
axtanalva commant. Tha aamplas wars bright dlppad ao Chat tha surfaca was fairly 
spacular 0.8) although for tha small sampla slza usad substrata polish was 

difficult to control. Coating spacularlty was datamlnad primarily by Initial 
sampla spacularlty and cha long wavalangch limit for lightly coatad samplas showad 
a raflactlvlcy aqual to or betcar chan that of tha untraatad alumlman sampla. Tha 
samplas wlt'u lowar Initial polish showad a hlghar diffuse component of raf lactlvlty . 
Data In Figs. 8-lS are uncorractad for diffusa raflactlvlcy and raprasant cha spac- 
ular raf lactlvlty with approxlmataly 20Z of tha diffusa component added In. Data 
wars reduced through simply dividing tha raflacted intensity by that for an evapo- 
rated gold sampla. Taking this factor Into account and Incorporating ocher possible 
errors, we estimate that correction factors In the data would Increase the given 
total reflectance values by up to 2SZ. Hence nominal long-wavelength limits for 
Che reflectivities are of the ordir of 0.9, l.e. approximately the reflectivity 
of the bare aluminum. 

Fig. 8 shows a reflectivity curve for an uncoa^sd aluminum sampla which 
had bean bright dipped. The variation In reflectivity with wavelength Is believed 
due to a thin coating of copper oxide (• 100 A) left on the surface. Fig. 9 shows 
the results for a 2 minute sample which appeared light blue; the reflectivity appears 
to swing upward in the visible region of the spectrum. Figs. 10 and 11 show a 
bright yellow-green sample (3 min.) and a green-violet sample (5 min.), respectively. 
Both of these samples show selectivity but are obviously reflective in regions of 
Cha visible. Fig. 12 shows data for a sample (6 min.) we believe to possess excel- 
lent selective properties; the sample looks extremely black, by actual measurement 
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h«g liw reflect Ivicy (<> IX) In Ch« n»ar Infrared and high reflectivity (after correc* 
tlone for dlffuee reflection* • 83-40X) at long wavelengths. Figures 13. 14, and 
13 slu>w data for samples treated for 8, 11, and 18 minutes respectively. A general 
blackening Is observed with treatment time with the rise In reflectivity os^vlng to- 
ward longer wavelength. Die "humps'* In the data are believed to he due to Inter- 
ference effects In the coating. 

3E. Fabric iClon and F.nvlronmental Parameters 

We have spent some time In confirming and Investigating the reproducibility 
of the data presented In section D. We find that the optical properties presented 
In section 0 are very reproducible for a given solution normality and alloy composi- 
tion. Hi>wever, heat treatment of the coated material does not In every case lead 
to the same qualitative effects. Ue believe this spurlousnesa to be due to coating 
sensitivity to fabrication parans’lers. Die effects of the parameters heat treatment, 
substrate surface finish, solution characteristics, alloy composition, and humidity 
are discussed below. 

JK-1. Coating Heat Treatment 

Our original experience with heavy coatings led us to believe that the 
copper oxide coatings were very' stable with respect to high temperatures. Many of 
our samples could be baked out fo. days at temperatures greater than 400''C with no 
apparent effect except for an Increase In coating cohesiveness and alight color 
changes. In fact, a corner of a sample could be heated with a torch almost until 
melting of the ahunlnum occured with little change In the coating. Light coatings 
did show appreciable color changes upon baking but this .as not felt a disadvantage 
since tlie changes were small as discussed In section 3D and could be compensated 
for by Increasing the treatment time. Uovjver, more recent results produced spurious 
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runs in the sense that heat creacmenc made drascic changes In the coating to the ex- 
tent of nearly complete coatings disappearance for lightly coated samples. After 
many experiments we were led to consider the possibility that these changes were 
due to an interaction of water and residual NaOH on the surface. The evidence for 
this included the fact that the critical temperature for coating changes occurred 
at 100*C. The degree of rinsing, a difficult parameter to establish, had an effect 
on results. We also noted that Immersion in boiling water would renew the etching 
process, indicating residual sodium hydroxide. A further factor also emerged; 
aging of the samples in air at room temperature for several days increased sur- 
face stability against both abrasion and heat deterioration. This fact provides 
an alternative explanation to the heat degradation phenomenon. Formation of CuAl^ 
intergranular precipitate occurs at 100*C, possibly causing reduction of the sur- 
face coating into the intergranular precipitate. Aging may help prevent this through 
passive layer formation. 

Our observations as to the heat deterioration problem are unfortunately 
still very qualitative. We note however that with careful control of sample pro- 
cessing, reproducible and small changes occur during heat treatment reprer.enting 
mainly a compacting of the coating. Very heavy coatings, which have not been care- 
fully processed, upon baking provide a hard stable brownish surface with moderate 
selectivity (a - 0.93, e - 0.3). These latter coatings may be of some interest. 

We cannot at this point give an optimum procedure for surface preparation but are 
convinced that one exists and is worth pursuing. The behavior of the material under 
thermal cycling is of course a very crucial point for applications. 

3E-2. Substrate Surface Finish 

Experimental results, demonstrate that initial surface finish is an 
important factor in coating characteristics. Initially rough surfaces such as pro- 
duced by sandblasting result in loose granular surfaces which reflect diffusely and 
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do not demonscratt high salacclvlty. 

Surf acta with amooch mill flniahaa (prcaumably highly paaalvacad) and 
no praCreatment axcapc for dcgraasing raault In fina gralnad poorly adharlng coat* 
Inga. The bast pracraatmant for producing coharanc coaclnga thac wa have uaad la 
an acid bright dip to produce a amooch apacular aurface. The re.iaona for aurfaca 
pretreatmenc dependence are not obvloua although speculatlona aa to the effect of 
original passive layer thickness are possible. An aasaasmenc of the amount of 
material removal needs to be made. 

3E-3. Solution Characteristics 

Most of our experiments have been done with 2N NaOH as the etchant solu- 
tion. In accordance with well knotm corrosion data, the race of etching Increases 
rapidly with solution pH above 14 which Is Che nominal pH of a IN NaOH solution. 

The coating gro'wth rate, however, decreases wtC^ thickness so Char like many corro- 
sion processes there appears to be a limiting effect on Che depth of the corrosion 
layer. Solution temperature also has an effect on the coating characteristics. High 
temperatures (near 100*C) tend to produce ver> ^ l.ie dendrite structures which cause 
the surface to look velvety and very black. We have not Investigated the effects 
of solution temperature except for some qualitative observations. It Is likely 
Chat solution additions will alter the process significantly. For example It Is well 
known Chat addition of Cl~lons strongly affect aluminum corrosion. 

3E-4. Alloy Composition 

Alloy composition has been discussed previously. A continuous spectrum 
of copper composition cannot be readily obtained. We have, however, noted Chat low 
copper content alloys (< IZ) produce no coating; the copper oxide formed Is appar- 
ently not dense enough to cohere. Medium copper content ('4Z) alloys produce grayer 
and more powdery coatings than does 2219. Alloy temper has a strong effect on coat- 
ing characteristics as we have noted above. This too may be related to intergranular 



Figure 16: Theoretical curves for reflectance of a coating on aluminua 

versus coating thickness divided by wavelength. Curve 1 
corresponds to a coating with the real and imaginary indices 
of refraction (n and k) as measured for a fresh thin coating 
while curve 2 uses n and k as measured for a coating baked 
for 2A hrs at 400*C. 
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copper preclplcaclon or aimply grain alze. We have found chat high nickel alloya 
alao produce a deep black coating but did not inveatigate theae alloya aince they 
could not be obtained in wrought forma. 

3E-5. Humidity 

We approximated MIL teat apecif icationa for humidity and found little 
effect on coatinga that were well rinaed and aged. Coatinga with reaidual NaOH will 
resume dendritic growth at high vapor tcmperaturea . Humidity teata are of course 
important for simulation of applied situations. 

3F. Theoretical Investigation of Surface Optical Properties 

We consider the coating optical properties to be due to a combination of 
effects Involving particle size, band structure and interference. The effect of 
particle size is very difficult to evaluate and has not been accomplished except 
for very idealized and particularized cases. We did not,, at any rate, feel that 
particle size w.is the predominant consideration for many of the surfaces investi- 
gated. Thin coherent coatings are possibly selective due to interference with layer 

indices of refraction determined by band structure (e.g. multilayer selective sur- 
1 

faces ). Using the measured indices of refraction in section 3D along with handbook 

figures for aluminum and inserting them into the Rayleigh coefficients'’ gives values 
for the reflectance results in the plot of Fig. 16. The quantitative aspects of the 
measured curves are not reproduced by this calculation. This might be expected 
since the indices of refraction prescmably vary with wavelength in this region of 
the spectriun and surface microstructure may be important. We have not completed 
our work on introduction of the CuO band structure into the calculation. 

3G. Summary and Conclusions 

The copper oxide surface developed appears to be of possible practical 
interest for use in flat plate solar collector systems. Light coherent coatings on 
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2219-T87 alumlnuB have high ■•lacclvlty but atabllity with raaptet Co tamparatura 
cycling la not yat raproduclbla. Haavy coat Inga which hava baan wall bakad hava 
nodarata aalactivity and will wlchaCand high Cemparaturas. Tha natura of Cha coat- 
ing formation ia poorly undaratood but la baliavad dua to a combination of original 
CUAI 2 intergranular pracipitata and procaaa pracipitatlon from tha binary aolucion. 
Furthar work is naedad on underatanding tha coating formation mechanism and the 
optical properties as well as defining procedures to produce durable surfaces. 
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4. Su—ry ot Literature Inv€Btlg«tlon 
4A. LlCeraturt Surveyed 

The field of research which Involves Che scudy of selecclve surfaces for 
solar energy uclllzscion la rapidly growing and has accufflulated a significant body 
of research papers. In the past 10-20 years new journals dealing exclusively 
with solar energy applications have been started and have net with considerable 
success.^ The conventional Engineering and Scientific journals also publish re- 
search results pertinent to solar energy applications. Some Journals have developed 

4 

topical sections for publishing results In solar energy research. 

The Departnent of Energy (Formerly EROA) publishes Energy Research Ab- 
stracts.^ This publication abstracts publications on all phases of energy research 
Including Solar Energy. Although the abstract service was started only In the past 
several years an effort was made to search earlier literature for Information 
appropriate to the abstracting effort, ilils abstract service Is an invaluable tool 
to the researcher entering the energy fields. 

Part the effort of this contract was to explore the basic physics of 
selective absorbers and to understand the nature of their blackness. A similar 
effort was made In the appraisal of the use of Infrared reflecting coatings on 
glass cover plates used In most flat plate solar collector designs. A considera- 
tion for the selective absorbers was to assess the Information available on the 
basic theoretical physical description of their properties. While eicperlmental 
data exists on a great variety of surfaces, there appears to be paucity of theoret- 
ical description. 

In this section v-: will briefly summarize what conclusion we arrived at in 
examining the literature. We will not attempt to give an exhaustive summary as that 
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la dona alsavhara^. Our affort was dlractad aora ac looking ovar tha llcaratura In 
convanclonal sclantlflc Journals^ and covarad savaral hundrad papars In various flalds. 
4b. Thaoratlcal SCudlas 

A surfaca blacknass In a glvan raglon of tha spactrua lu dua to cbrcc 
ganaral reasons: 1) absorption by Intarnal modas (alactrons, plasoons, phonons etc.) 

2) surface roughness 3) Interference. The first Is treated In standard texts on 
solid state physics^ and will only be discussed Incidentally. The second cate- 
gory has received considerable attention In the literature. A practical case In 

point la that of "Gold Black". Cold black exhibits blackness from the ultraviolet 

8 9 

to far In tha Infrared raglon of the spectra. Zaaschrar and Nedoluka (ZN) treat 
the optical properties of gold black using an equivalent circuit formulation and 
a Drude-Zener model for the complex dielectric function. They obtain some agreement 

g 

with some of the samples reported by Harris. The problem of the rough surface and 

Its effects have been treated by a number of authors, however there Is little 

reference to materials utilized for solar energy applications. Several books on 

Solar Energy applications contain discussions on the basic properties of black ab- 
18 19 

sorbers. * These books also contain a great deal of experimental Information on 
the various selective surfaces used for flatplate collectors. Ritchie and Window 
have calculated the properties necessary to make a graded-lndex single film solar 
absorbers. Their results show a good absorber could be made with the right kind 
of material deposition on a metal substrate. 

It Is our conclusion that the theoretical understanding of selective sur- 
faces in terms of fundamental physical properties is somewhat incomplete. Ttie 
various effects contributing to selective blackness of absorber surfaces need to 
be better understood from a theoretical basis. The relative contributions and 
Importance of surface roughness, Internal electronic and lattice structure and Inter- 
ference effects needs to be determined. If this were accomplished it would be some- 
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wh«t oora diracC Co •valu«c« and paraactariza proposad absorbing surfaces. Tha 
salsctlon of aacsrials for nav surfacas would ba faclllcatad If cha paranacarizac Ion 
of cha proparcles in Caras of basic physical quancicias wara available. 

4C. Expariaancal SCudiaa 

Tha opcical proparcias of gold black hava baan scudiad by several auchors 

The iaporcanca of cha pare Ida size and fila Chicknass on absorpeion proparcias are 

20 

discussed. McKenzie also scudies cha efface of oxygen and Cungscen oxide on cha 
salacciva absorpeion proparcias of gold-black. Alchough gold-black surfacas may 
noc cheasalvas ba used as solar collacCors, cha underscanding of gold-black serves 
as a useful modal for underscanding ocher syscems. 

Yamaguchi has sCudiad Che sCrucCural effaces of copper black and placinium 
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black. He discusses Che imporCanca of Che roughness of cha surface in forming 

lig^c Craps and hence creaCing a non* ref leccing surface. 

New maCerials consiscing of organic polymecM have been reporCed in Che re- 
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cenC licornC'ire as having seleccive proparcies. This is a parcicularly accraccive 

pursuiC as Che indicacions are Chac Chey would be Inexpensive. Ocher new surfaces 

have been reporced in Cha published liceracure and in unpublished conCracC reporCs. 

They are Co numerous for us Co accempc co lisc. Tills informacion is available in 

Che Energy AbsCraeCs in a concise and comprehensive form. 

AnoCher procedure ChaC shows some promise for increasing Che efficiency of 

chac place collectors is Che coacing of the cover places with a suitable infrared 

reflector. Redaelli has reporced on Che reflectance properties of cir. oxide films 

24 

as glass in Che infrared region. If such a film could be made without substan- 
tially reducing the visible transmissions solar collector efficiency would be signi- 


ficantly improved. 
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FLAT PLATE COLLECTOR 


Figure 17j 



Figure I7h 
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5. Con8ldT«tlon« for Coll«ctor D««lgn ; 

25-29 

S«v«ral auchors^ hava racencly raporcad calculations for cha afficlancias 
of various types of solar anargy collactora undar varying conditions and with dlf- 
farant typas of covar platas and absorbing surfacas. Whlla tha datalls of tha 
calculations and cons Idarat ions dlffar somewhat, many of tha results ara In ganarsl 
agraamant and ara partlnant to soma of tha object Ivas of this project. 

A diagram of a flat plate collector is shown schematically in Fig. 17a. Tha 
relevant heat flow parameters ara given in tha figure where: 

• total incident flux 
Q ■ heat absorbed by collecting fluid 

A 

■ heat absorbed by absorbing surface 
“ heat loss by radiation 
•• heat loss by conduction 
• heat loss by convection 

25 

This notation follows that given by Ahmadzadeh and Gascoigne (AG). The effi- 
ciency of che collector is then defined by 

' ■ • 

The various authors treated the details of the calculation somewhat differently. 
(AG), for example, found an expression for Q in terms of an integral over radla- 

d 

26 

tion distributions and absorptivity as a function of wavelength. Young,- however, 
treats the problem In terms of average emisslvity. In addition, the boundary condi- 
tions for the heat flow problem are handled dif fe’-ently . 

The losses from the flat panel include radiation loss, conduction, and 
convective losses. The relative amounts of each loss is a function of temperature 
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ami th« datalla of th« eDlaslvc propcrtlca. Th« loss of energy from the aliNorber 

Co the glass cover plate is dominated at all temperatures by radiation, although 

convert Ion and conduction play a part. The loss from Che glass cover Is dominated 

by convective losses for temperatures 30*C above amblunt. The radiation loss is 
26 

about constant since the temperature of the cover plate does not depart too far 
from ambient tempcratura. 

In temui of the parameterization given, the heat absorbed by Che collecting 
fluid la 


‘5a- 


‘tr 


- Qfcd - 


lev 


Each of Che heat loss terms, Q. , Q. ., and Q. , can be calculated or estimated 

^tr ^Icd ^tev 

with v;. ylng degrees of sophist Icut Ion. The degree of sophistication of these 
estimates Is the primar*' difference In Che model calculations performed. The 
results of (.iC) for a black flat plate collector with a single plain glass window 
and with a reflecting window Is shown In Figure 12B. Also shown are results for 
a selective surface, with two types of windows, one plain glass window and one 
coated to be Infrared reflecting. Ac low temperature, l.e. less chan 50*C above 
ambient (assumed Co be 20*), the black absorber with a plain window exhibits a 
higher efficiency than the other models. It Is only for temperatures In excess 
of 70*C that the selective absorber helps. It Is further noted that a reflecting 
window docs little good for either case at low temperatures. The results of Young 
show the same general trend. The solar absorptivity, a, of the surface Is the 
dominant and most important parameter for low temperatures. It Is more Important 
CO maintain a high a than Co strive for a low infrared emisslvlty e. 

Dolan experimentally determined the efficiency of a number of collector designs 
and surfaces both with a solar simulator and In actual solar absorbing conditions. 
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Hill r»«ultii auKK^iit tli# nanitf thliiKi !••• * "V ttfmp«rNtur«M iMiiittfln « HIkI) >i 

for optlmul rcMultn. 

M 4 IIV of thtf 4 ppl Icitl IvMtN of fl«t pl.ito c’oll«t‘torM will h« for spMt’o lio4lln)t 
4iiii hot w4t«r Miipply whoro hiith ttfnptir4tur(-N will not b« r«MliioH. For th«««> 

4ppl lC4t lonN it la proh4hly haat to optlmlaa th* aolar abaotptnnor for maximum 
afflcltfucy. For almlhir roaaona th«* uao of laflactlntt I'ovar giMaa platoa naoda tJ 
br carafully conaltirrotl. Hy vlrtua of tholr laflactlvlty In the Infrnroit region 
of the apeetra the platea are aomewhat leaa tranapnrent to the aolar raiilatlon. 

Tltla ilecreaaea the energy Input to the abaorblng plate an«i affeota the overall 
efllcleney. lAO) Indicate. In fact, that reflecting coal Inga are counterproduc- 
tive In moat klat plate appl Icat Iona. If one la ualng a black abaorber at high 
temperaturea where radiation becomea lm|HM'tant, It la better to go to a aelectlve 
aorface with plain glaan than to add a reflecting glaaa cover plate to the plain 
black abaorber. 

Tl»e atudlea do indicate a need for aelectlve aurtacea In concentrating collec- 
tora. In theae deaigna when the temperature v'f the abaorber la In excea-i of 100*C 
the aelectlve aurface can algnlf leant ly enhance the efficiency of the ayatem. 

If theae obaervat Iona concerning flat plate collectora are Indeed foiuid to be 
aubatanlated bv further reaearcli, then effort a ahould be imide toward producing dur- 
able black aurfacea wltli high aolar abaorptance. Tlie mechanical and weal herabl I It y 
criteria are then probably of greater Importance than aelectlvlfy of the aurface 
and ahould be optimized along with the aolar abaorptlvlty for coal effective and 
conaumer at tract. able ayatema. 
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0 . iJt!uLi_Llntl_ In vtt imt^ipn 

rhla project w.i« al«o intoreeted In select Ive trnnsmltt in)t meter isle. Ultlle 
we huve no concliieionN we euitgeet Invest iget ion slonK the folK>wtng lines: 

'*4 

1. IXtplng of rhln oxide levers c»n glass as suggested by the data of Kedaclli.*' 

2. Coatings of rare earth compounds on glass. In particular lanthaiuun hexaborlde 
has very Interesting properties. 

3. Meshlike structures formed by large polymeric molecules such as teflon. If 
the mesh structure were uf appropriate dimensions the window would act as a 
filter with selective proper! le:*. 

4. Certain electro-optic nuiterlals such as potassliun-dlhydrogen phosphate 
have excellent selective transmission propeitles for solar applications. 

Ttiey also have the interesting feature that their optical properties are 
Influenced by electric fields. 
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